Abstract. Determination of the wall variables (wall emissivities, wall temperatures, and heat fluxes) when the zonal model of radiation is used in numerical simulations of processes inside a pulverized coal-fired furnaces is described. Two methods for determination of the wall variables, i.e., a repeated run of numerical simulation (RRNS) and a temporary correction of the total exchange areas (
INTRODUCTION
Pulverized-coal fired furnaces of the utility boilers are basically rectangular-shaped constructions, inside which complex processes of reactive turbulent two-phase flows with radiative heat exchange occur. Values of the thermo-fluid variables, such as velocity components, temperature, component concentrations, and others, in every point of furnaces are determined by numerical simulations. Except for thermo-fluid variables, the numerical simulations should reveal values of the wall variables, such as wall temperatures, wall emissivities, and heat fluxes. As the wall temperatures and wall emissivities are found on the basis of the heat fluxes, the wall variables determination is clearly a task of the radiation model. The objective of this investigation is determination of the wall variables when the zonal model is used as a radiation model in numerical simulations.
In numerical investigation of processes inside pulverized coal-fired furnaces, several radiation models are used: discrete ordinate model [1] , discrete transfer model [2] , spherical harmonics model [3] , six-flux model [4] , Monte Carlo [5] , and zonal model [6] . Each of them except for the zonal model (and Monte Carlo, which is based on the same concept as the zonal one) easily takes into account changes of all wall variables during the calculation procedure of the numerical simulation. The zonal radiation model is characterized by a high level of accuracy, independent of radiative properties and other conditions of the radiative heat exchange calculation. The model is based on division of furnace space into volume zones and furnace walls into surface zones [7] . All zones are considered isothermal. Radiative heat exchange is found in interaction of every zone with all zones. The total extinction coefficient and scattering albedo are assigned to all volume zones to determine the direct exchange areas (DEAs) for every pair of zones. For the gray furnace walls, net radiative heat exchange is found using the total exchange areas (TEAs). The calculation procedure for the TEAs requires the values of the wall emissivities for all surface zones. One set of the TEAs is used in the case of gray medium. To take into account the non-gray behavior of the gas phase, the concept of the weighted sum of gray gases model, by which a real gas is replaced by a mixture of gray gases [7] , is used. Parameters of that model, temperature dependent weighting coefficient and constant absorption coefficient of each gray gas, are used to calculate the directed flux areas, which are then used to find net radiative exchange of zones.
In the classical application of the zonal model, radiative properties of the medium (total extinction coefficient and scattering albedo) and boundary walls (wall emissivity) are not changed during the calculation procedure. In that or similar way, the zonal method was used for numerical investigations of industrial furnaces [8] [9] [10] , to find incident radiative fluxes on the freeboard walls of a bubbling fluidized bed [11] , and for numerical investigations of a pulverized coal-fired furnace [6, 12] . Nonclassical applications of the zonal model were described for nonhomogeneous radiatively participating medium [13] [14] [15] [16] . These methods were developed for the black-walled systems [13, 14, 16] , or for nonscattering medium [15] , while the walls of pulverized coal-fired furnaces, inside which is a scattering medium, are gray. Papers which describe determination of wall variables by numerical simulations when radiative heat exchange is solved by the zonal model are very rare. Crnomarkovic et al. [17] described the method of the zonal model application, here called the repeated run of numerical simulation (RRNS). The new method, here called the temporary correction of TEAs (TCTEA), is described in this paper. Values of the wall variables obtained by RRNS and TCTEA methods for various flame radiative properties and initial wall emissivities are determined and compared. The investigation is expected to provide the recommendation for one of the methods.
The investigation was carried out for the pulverized coal-fired furnace of the 210 MW monoblock thermal unit, located in Obrenovac, Serbia. The furnace was fired by Kolubara lignite. Geometry of the furnace and coal properties were described [18] . In the following text, the mathematical model, the results of the investigation and conclusions are described.
MATHEMATICAL MODEL OF THE PROCESS AND METHODS
OF THE ZONAL MODEL APPLICATION Mathematical model of the process inside the furnace describes a two-phase reacting flow with radiative heat exchange. Model was described in detail in 6, 18. Here, only the main characteristics are described.
The gas phase is described by the time averaged differential equations of conservation of the momentum, enthalpy, the concentrations of the gas-phase component, particle concentrations, turbulent kinetic energy, and the rate of turbulent kinetic energy dissipation, in Eulerian reference frame. The general form of the gas-phase equation is the following:
where  is gas-phase density (kg m ), S  is the source term, and S ,p is the source term due to the presence of particles. The set of equations was closed by an appropriate turbulence model 18, which connects the turbulent kinetic energy and rate of its dissipation. The differential equation for the pressure field is obtained from the combination of the continuity and momentum equations, by the SIMPLE algorithm.
The flame temperatures are solved from the enthalpy equation for the condition of the thermal equilibrium between the gas and dispersed phases 6:
where c f is the specific heat capacity of flame (J kg
, S H,r is the source term due to radiation (W m -3 ), and S H,c is the source term due to combustion (W m -3 ). The dispersed phase is described by the differential equations of motion and change of mass and energy in the Lagrangian reference frame. Motion of the particles is tracked along the trajectories with constant flow of particles. The particle velocity vector is the sum of the convective and the diffusion components. Heterogeneous reactions of the coal combustion are modeled in the kinetic-diffusion regime, as described in 19.
Radiative heat exchange is solved by the zonal model of radiation. The heat flux of a surface zone is determined from the following relation:
where
, M is the total number of the volume zones, N is the total number of the surface zones,  is Stefan-Boltzmann constant (W K -4 m -2
),  w is wall emissivity (-), and A is the surface area (m 2 ). The sum of the first two terms in the numerator of formula (3) is the heat transfer rate of the gained energy whereas the third term is the heat transfer rate of the energy loss due to emission of radiation. The wall emissivity is a function of wall temperature: w w w () T   . The furnace wall is a composite wall, consisting of a metal wall layer and an ash deposit layer. One boundary surface of the furnace wall, i.e. the metal wall boundary surface, is in contact with the flow of steam-water mixture and the other boundary surface, i.e. boundary surface of the ash deposit layer, is in contact with the flame. The wall temperature and the wall emissivity are the properties of the ash deposit layer boundary surface in contact with the flame. The ash deposit layer is treated as a gray emitter of radiation [20] , although there is evidence that does not support such an assumption [21] . The thickness of the metal wall is 4.0 mm whereas the thickness of the ash deposit layer is chosen according to the objectives of the investigations.
The temperature of metal wall boundary surface T m,sw (K) which is in contact with the steam-water mixture is determined on the basis of the convective heat transfer:
where h = 14.0 kW m -2 K -1 is the convection transfer coefficient 22 and T sw = 615.0 K is the temperature of the steam-water mixture. The temperature of metal wall boundary surface T m,a (K) which is in contact with the ash deposit layer is determined on the basis of the one-dimensional heat conduction: 
using the diagrams given in 20. Coefficients a j and b j can be found in 23. Dependence of the metal wall thermal conductivity on temperature is that of carbon steel 24, 25. Thermophysical properties of the gas phase are determined from the equation of the state, tabulated values and empirical relations. The set of equations is solved by the finite difference method. Discretization and linearization of the equations are achieved by the method of the control volumes and hybrid difference scheme. Stability of the iterative procedure is provided by the under-relaxation method 26. The TCTEA method actually behaves as one numerical simulation. For the RRNS method, every new numerical simulation is independent of the previous one and contains the impact of the surface zone emissivities on the results. The necessary condition for applying the methods is the convergence, which must be shown using the variable values obtained by the numerical simulation.
RESULTS AND DISCUSSION
Radiative heat exchange was solved on the coarse numerical grid composed of the cubic volume zones of the edge dimension of 1.0 m. The surface zones are squares of the same edge dimension. The furnace was divided into 7956 volume zones and 2712 surface zones. Flow field was solved on the fine numerical grid which was obtained by dividing every volume zone into 64 control volumes. The fine numerical grid contained 620 136 control volumes. Agreement with experimental data and the grid independence study were already shown 6. DEAs of the close zones were determined using correlations given in 10. TEAs were calculated by the method of original emitters of radiation 7. Improvements of the values of the TEAs were accomplished using the generalized Lawson's smoothing method 14. One numerical simulation consisted of 4000 iterations.
The investigation was carried out for three values of the total extinction coefficient: , and for four values of the initial wall emissivities: 0.60, 0.70, 0.80, and 0.90. The scattering albedo was 0.5 for every value of K t . Such values of the total extinction coefficient were selected because the previous investigation 6 conducted for the same furnace showed that the heat transfer rates of the absorbed radiation (with constant wall emissivities and temperatures) and heat fluxes were maximal and almost constant for the values of K t in the interval 0.2-2.0 m -1 and scattering albedo not bigger than 0.5. The thickness of the ash deposit layer of 0.6 mm was uniform for all walls.
The wall variables were determined for surface zones. The analysis of the convergence of the methods included flame temperatures T f . The convergence of the methods was shown through the relative differences expressed by formula (7):
where nr designates the number of the numerical simulation run,  designates the variable, and  designates the AM of the variable:
In formula (8) , N is the total number of surface zones that represent a solid wall (for  w , T w , and q w ) or total number of control volumes (for T f ). For the determination of the convergence, the numerical simulations were run eight times for every set of conditions. The similar values of the variables were obtained for both methods. The results obtained for K t = 1.0 m -1 are shown in Table 1 . For nr  3, the changes of the AMs become very small and although the oscillations appear, both methods provide convergent results. The results obtained for the fourth run (nr = 4) of the numerical simulation were used for determination of the wall variable differences. Table 1 Relative differences  ,cn (%) obtained for K t = 1.0 m -1 ,  w,in = 0.80 In the following analyses, the changes and differences of the wall variables are determined through the AMs of the relative differences of the wall variables and the relative differences of the AMs of the heat fluxes, w q . As the surface zones are squares of the same edge dimension, the AMs of the heat fluxes represent the heat transfer rates through the furnace walls.
The changes of the wall variable values with the change of the flame total extinction coefficient were found using the relative differences, determined by comparison of the wall variables with the values obtained for total extinction coefficient K t = 0. The AMs of the relative differences of the wall variables and relative differences of the AMs of the heat fluxes are given in Table 2 . The results show that the AMs of the relative differences of the wall variables increase with the increase in the total extinction coefficient of the flame. The values are similar for both methods. The biggest values of the AMs of the relative differences were obtained for heat fluxes. On the other hand, the relative differences of the AMs of the heat fluxes are much smaller. There are two reasons for such a difference. The first reason is in the use of an absolute-value sign which prevents the canceling out of positive and negative terms.
The AMs of the relative differences of heat fluxes determined by formula (9) without the absolute value sign are shown in Table 2 . They are much smaller than the AMs determined with the absolute-value sign. The second reason is in distribution of the relative differences along the furnace walls. The values of the heat fluxes determined by the TCTEA method for K t = 0.3 m -1 and relative differences for K t = 1.0 m -1 and K t = 2.0 m -1 are shown in Fig. 2a-c . It is evident that for some surface zones, the relative differences of the heat fluxes are big whereas the values of the heat fluxes are relatively small. Although such zones affect the relative differences of the AMs of the heat fluxes very little, they considerably influence the AMs of the relative differences of the heat fluxes.
The initial value of the surface zone emissivities must be determined in advance, as explained beforehand. The changes of wall variables with the change of the initial wall emissivity were found from the relative differences determined by comparison with the values obtained for the initial wall emissivity of 0.60:
The AMs of relative difference w,in   are presented in Table 3 and show that the influence of the initial wall emissivity on the wall variables and their distribution along the furnace walls is very small. The wall variables are almost not affected by the initial wall emissivity if it is in the interval 0.60-0.90.
Table 3
AMs of relative differences 
The AMs of the relative differences are shown in Table 4 . The AMs increase with an increase in the total extinction coefficient, and so the smallest AMs of the relative differences were obtained for K t = 0.3 m -1 . The AMs of the relative differences of the wall variables for the selected initial wall emissivities are presented in the right half of Table 4 (for  w,in = 0.80, the results are presented in the first column of the left half of Table 4 ). The AMs of the relative differences are almost constant for  w,in from 0.6 to 0.80, and the smallest values are obtained for  w,in = 0.70. It is in the agreement with the previous result that the selection of the initial wall emissivities has small influence on the difference of the wall variables. The biggest AMs of the relative differences are obtained for the heat fluxes, for the same reason as previously. And again, the relative differences of the AMs of the heat fluxes are much smaller than the AMs of their relative differences. Table 4 AMs of relative differences  ,m (%) of the wall variables and the relative differences of the AMs of heat fluxes w q (%) The wall variable values determined by the RRNS method and for K t = 0.3 m -1 are shown in Fig. 3a-c . It is shown that the biggest wall temperatures and heat fluxes are obtained for the surface zones with the smallest emissivities. To further investigate their relation, the AMs of the wall emissivity, wall temperature, and heat fluxes were determined by the RRNS method for three thicknesses of the ash deposit layer. The results are shown in Table 5 . It is clear that the increase of the ash deposit layer thickness reduces the heat exchange between the flame and furnace walls not only because it increases the wall temperatures but also because it reduces the wall emissivities. On the other hand, the fly-ash particles are the main contributor to the flame radiative properties. Without them, the radiative heat exchange inside the furnace would not be so intensive 27, 28. This investigation shows that any of the developed models, RRNS and TCTEA, can be used for determination of the wall variables. The methods are simple and can be easily applied. The RRNS method is recommended for the application in numerical simulations, because the manipulation with the files is easier for that method. The main drawback of the methods is the repetition of the numerical simulations, which is a consequence of the ash emissivity dependence on temperature. In the case of constant wall (that is ash layer) emissivity, the single run of numerical simulation would be enough to determine wall temperatures and heat fluxes. The objective of the further investigation is the formation of the new method by which the wall variables could be obtained from the single run of the numerical simulation. The main contribution of such investigation would be to improve the application of the zonal model in numerical simulations.
CONCLUSIONS
Two methods for determination of the wall variables: RRNS and TCTEA, for use in numerical simulations of processes inside pulverized coal-fired furnaces are compared. The radiative heat exchange is calculated using the zonal model of radiation. The changes and differences of the wall variables are determined for various conditions of the radiative heat exchange. The following conclusions are attained.
 For both methods, the AMs of the relative differences of the wall variables increase with an increase in the total extinction coefficient of the flame. The biggest increases of the AMs of the relative differences are obtained for the heat fluxes, whereas the relative differences of the AMs of the heat fluxes are much smaller. That is a consequence of the method of calculation and distribution of the relative differences along the furnace walls.  The initial values of the wall emissivities influence the AMs of the relative differences of the wall variables very little, for the initial wall emissivities in the interval 0.60-0.90.  The differences of the wall variables caused by the selection of the method increase with an increase in the flame radiative properties and only slightly depend on the wall emissivities. For the selected furnace, the smallest differences of the wall variables are obtained for K t = 0.3 m -1 and  w,in = 0.70.
 As the difference of the wall variables obtained by both methods is small, the RRNS method is recommended for application in numerical simulations.  The investigation showed that the increase of the ash deposit layer thickness reduces the heat fluxes by increasing the wall temperatures and reducing the wall emissivities.
